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Inband Scattering from Arrays
with Series Feed Networks

David C. Jenn, Senior Member, IEEE, and Seunghoon Lee, Senior Member, IEEE

Abstract— Approximate equations are presented for the radar
cross section (RCS) of a phased array antenna with a series feed
beamforming network. The incident radar wave is assumed to
be at the same frequency as the antenna operating frequency. In
deriving the RCS formulas, multiple reflections are neglected, and
like devices in the feed are assumed to have identical transmission
and reflection coefficients. The approximate results are shown to
be in excellent agreement with results obtained using a scattering
matrix approach. The behavior of the RCS as a function of
several feed design parameters is also investigated.

I. INTRODUCTION

HE radar cross section (RCS) of a target not only depends

on the physical shape and its composite materials, but
also on its subcomponents such as antennas and other sensors.
These components on the platforms may be designed to
meet low RCS requirements as well as their sensor system
requirements. In some cases, the onboard sensors can be the
predominant factor in determining a platform’s total RCS. A
typical example is a reciprocal high gain antenna on a low
RCS platform. If the antenna beam is pointed toward the radar
and the radar frequency is in the antenna operating band, the
antenna scattering can be significant.

Scattering from antennas has been the subject of interest
since the 1950’s. Extensive work has been done with regard
to the determination of the antenna parameters [1], dipole
scattering, and the effect of the terminal load impedance [2].
The RCS of horns [3], reflector antennas [4], and microstrip
elements and arrays [5] have also been studied extensively.
Detailed analysis of the inband scattering characteristics of
arrays with parallel feed networks have been performed as
well [6].

Another problem of interest is the scattering from phased
arrays with series feed networks as shown in Fig. 1. A series
feed is one in which the power to each element is tapped off of
a main line sequentially. The coupling values are adjusted to
provide the desired amplitude distribution. The most common
method of terminating the main line is matched loading;
another is to use a short, called a standing wave feed. For the
loaded case, some power is always reflected from the load at
the end of the main line which gives rise to a “reflection lobe”
in the radiation pattern. It is reduced in magnitude relative to
the main beam by an amount determined by the load reflection
coefficient.

Manuscript received October 20, 1994; revised March 3, 1995.

D. C. Jenn is with the Naval Postgraduate School, Monterey, CA 93943
USA.

S. Lee is with the Republic of Korea Army.

IEEE Log Number 9412907.

APERTURE PLANE
ELEMENT
SPACING d

3 n
AV y;x

A S A

SOEN: N d

LINE LENGTH, L

Fig. 1. Series feed antenna network.

For the inband RCS case, that is, where the antenna operates
at the same frequency as the illuminating radar, the signal will
penetrate into the feed and be reflected at the mismatches and
junctions of the devices. This occurs even for an array with
well-matched devices because of imperfections within the feed
that cannot be avoided in the manufacturing and assembly
processes. The total scattered power is a small fraction of
the incident power, but for a large array, a large number
of reflections can add constructively under some conditions
yielding a large RCS.

High performance arrays must not only meet the system
operating requirements (i.e., high gain, low sidelobe levels,
etc.), but also the RCS requirements. To optimize the trade-
offs between antenna RCS and radiation performance, an
efficient and accurate model of RCS is crucial. This paper
presents an approximate inband scattering model for arrays
with series feeds. The approximate model is shown to be
in good agreement with a more rigorous scattering matrix
approach. The behavior of the RCS as a function of various
array design parameters is also investigated.

II. ARRAY RADAR CROSS SECTION

There are two antenna scattering modes to consider in the
calculation of RCS [7]. The first is the antenna or radiation
mode which is determined by the radiation properties of the
antenna and vanishes when the antenna is conjugate matched
to its radiation impedance. The second is the structural mode
which is generated by the induced currents on the antenna
surfaces. The approximate model only considers the antenna
mode because it is a dominant RCS contribution for a free-
standing phased array in its operating band, except possibly at
wide angles where the array edge effects become important.

Total RCS can be computed by summing the scattering from
all of the signals that enter the array, are reflected by the
mismatches in the feed, and then return to the aperture. The
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RCS is obtained by applying the basic equation of antenna
scattering and summing over all of the array elements [6]. The
monostatic RCS of a linear array of N identical elements is

2

|Fnorm(07 ¢)|2

4m A?
o(0,0) =

N
S Ta(b,9)er M
n=1

where

', (0, ¢) = total reflected signal returned to the
aperture for element n when the wave is
incident from the (8, ¢) direction
E =k(ug + v + w3), k = 27/X
u = sin § cos ¢
v =sinfsin¢
w = cosf
d, =
Ae
Fhorm = normalized element scattering pattern.

position vector to element n

effective area of an element

Note that the assumption of identical elements in (1) neglects
mutual coupling changes near the array edges.

There are two approaches to obtaining I',, in (1). The first is
to use a network matrix method such as scattering parameters
[8]. All interactions between the feed devices are included.
The scattering matrix approach is computationally intense
because a matrix equation must be solved. As N increases,
the size of the matrix increases. A second approach is to
trace signals through the feed. Tracing the signal flow inside
a feed network, however, can be an extremely difficult and
tedious job, especially if multiple reflections are included. For
simplicity, the following approximations are made in the feed
scattering model:

1) Devices of the same type are assumed to have identical
electrical characteristics. For example, all of the radiat-
ing elements have the same reflection and transmission
coefficients (denoted r, and t,, where x = r,p,c for
radiator, phase shifter, or coupler). The exception is the
phase shifters which have a transmission coefficient of

the form
ton = tpejxn
where
Xn =(n = 1)as,

as =ksinb, cos ¢y = kd,u,,
(65, ¢s) = the direction of the array radiation beam.

Thus the magnitude of the transmission coefficient is the
same for all phase shifters (|¢,, | = t,), but the phase is
allowed to vary linearly across the aperture.

2) The feed devices are well matched so that » <« 1, and
therefore higher order reflections can be neglected.

3) Lossless devices are assumed

Ir|? + |¢* = 1.
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—
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PORT 2

@ PORT 4

Fig. 2. Coupling and transmission paths for a four-port coupler.

With the previous assumptions and limitations, the fraction
of the incident signal entering the array and returning to the
aperture for reradiation is

T, = r,ed"=D% | g2y, e (n=Da g 242, p2(n=De

Lef(n=Da tzt;-;ej("—l)asEn 2)

where @« = kd,u is the incident wave inter-element space
delay. (Element 1 is used as a phase reference.) E,, represents
the signal re-emerging from the series feed at element n. Some
of this signal is due to reception from elements toward the
input (m < n), some is due to reception from elements toward
the termination (m > n), and some is due to reflection at the
load at coupler n.

Equation (2) shows that the total scattered field is a sum of
scattered fields from each group of devices in the feed

|E®| = |E; + E, + E + E;|. 3)
E¢ is the total scattered field due to the series feed reflections
and is obtained by summing over all E, as described in the
next section. Assuming that only one component dominates at
any given angle, it is sufficient to approximate the magnitude
squared of the sum in (3) by the sum of the magnitudes squared

B> = |EX® + |Bpl* + | B2 + | B3I @

Inserting (2) into (1) yields the RCS of the array. Because
of the assumptions made with regard to the device scattering
properties, it is possible to reduce some of the terms in (1) to
closed form. The terms in (2) with factors r,,7,, and 7. can
be summed to obtain

4T A% cos?§ ,[sin{Na) 2
I e [N sin () ®)
o~ Ar A2 cos? 8 4 ,[sin(Na)]? ©)
P A2 P’ | Nsin(a)
ArA%cos?8 5 4, [sin(NC)1?
Oc & 32 ret,t, {Nsin (C)} @)

where { = o + o,. The total effective area of the array is
A~ NA., ~ N/{d where ¢ is the effective length of the
aperture element in the plane transverse to the array axis.

III. DERIVATION OF THE SERIES FEED RCS FORMULAS

Fig. 2 shows the signal distribution for the nth four port
coupler with coupling coefficient ¢, and transmission coef-
ficient t¢,,. To begin with, the couplers are assumed lossless,
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Fig. 4. Forward wave (traveling toward element N).

Y

matched, and to have perfect isolation between the coupled
port and through port. The scattering matrix is

[(Ca)11 (Cn)iz (Cr)iz (Crn)ia

C. = [(Ca)ar (Cn)z (Cn)as (Cn)as

"7 (Cu)st (Cn)sz (Cn)az (Cn)as
L(Cr)ar (Cn)az (Cn)az (Chn)aa
ro tn  JCn 0

e 0 0 —je

“ljen 0 0 t, ®
LO —jen tn 0

This scattering matrix does not allow for reflections that
might originate at the junctions between adjacent couplers.
Thus the approximate model only includes reflections from the
coupler loads. (Note, however, that reflections at the junctions
of the couplers and phase shifters are included through (7).)

To obtain formulas for the feed reflections, F,,, the received
incident signal can be decomposed into forward and backward
traveling waves on the main line. Fig. 3 shows that a signal
received by element n appears as an excitation for the N — n
elements toward the load and the » — 1 elements toward the
input. Other scattering components not included in the forward
or backward waves are the “self-reflected wave” due to the
reflection from the load terminating element n and the “input
load reflected wave” due to the reflection from the input load
or receiver at the input of the feed. Thus, for each element
in the array, four beams are reradiated, and their beamwidths
and peak levels depend on the element location in the array.
The total scattered field is obtained by the superposition of
the forward, backward, self-reflected, and input load reflected
waves from all elements.

The formulas for the four waves just described can be
obtained by tracing signals through the feed. Let 'y be the
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Fig. 5. Backward wave (traveling toward element 1-input).

reflection coefficient of all loads. For an incident signal at
element n, a “forward wave” travels toward element N (see
Fig. 4) coupling off signals to elements n + 1 through NV as it
proceeds. The scattered field can be expressed as!

E: ~ ej("‘1)(0"’+°‘)jcnI‘Ltn{ew"jcn_,_lej”("‘s*o‘)
+ e9%%0 tn+1jcn+2ej("+1)(as+a) 4.
AL SIRTSIPORRY S 13
. eI (N=1)(as+a) )

The electrical line length between couplers is denoted as

o, and it is equal to k times the physical length of the line

(o = kL). Similar to the forward wave, a “backward wave”

travels toward the input (see Fig. 5) radiating reflected signals

from elements n — 1 through 1

Ey, ~ FLej(n—l)(a,+a) {tiej(n—l)(as+a)

+ jcnjcn—ltn~lejwD ej(n—2)(a3 +a)

+ jcn(tn_lej%)jcn_gej%tn_zej(n—s)(as+a) 4.
n—1

+ jen_1e7¥0 <H tiej¢°>jc1tlej°("‘+°)}. (10)

i=2
The self-reflection is due to the load at coupler n, and it is
unique in its form

Eselfn ~ FLtiejq(n—l)(a’-'—a) .

Q)

I'The expressions for the electric field intensity (E) have the leading
constants and free space Green’s function omitted, because only a ratio is
needed in (1).
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Fig. 6. Scattering matrix representation for the series feed.

Finally, the reflection from the input load is given by

n—1

Ein,, ~ jene! ("m0 Hv0) [1‘[ tm] T (12

m=1

The total forward, self, input load, and backward traveling
fields from all the elements caused by an incident wave is
obtained by summing (9)-(12) over all elements

N-1 N
E;~Ty Z Cncj(n—l)c{ Z cmej(m—l)C

n=1 m=n+1

m—1
: (H tief%) } (13)
i=1
N-1 n—1
E, ~Tp Z C"ej("—l)C{ Z epedm=1¢
n=1 m=1
n—1 )
. (H ti6]¢°> } (14)
N ' » n—1 2
E, ~ I"Ltgtzz){ Z cnel(n—l)(C'Hb) ( H tm) }
n=1 m=1
(15)
Nv .
Eys ~Tp Y t2e72m71C, (16)
n=1
The total scattered field due to the series feed is
IE‘:l2 = IEf + Eb + Ein + Eself|2
~|E¢|* + |Ev|? + |Einl® + | Esert]*. an

The last approximation is valid if only one term dominates at
any particular angle. It is not crucial to the development of the
scattering model, but it allows the total RCS to be written as a
sum of radar cross sections each associated with an identifiable
scattering source. The correct normalization can be obtained
by comparing the total scattered field in (17) to the maximum
that would be obtained by an array of completely reflecting
elements (= N). Thus

_ 4mA%cos®h ,

4
AQ t"tl’

£

2
N

Os

(18)

IV. SCATTERING MATRIX FORMULATION

In the scattering matrix solution, the series feed is repre-
sented by an interconnection of two- and four-port devices as
shown in Fig. 6. The unknown quantities are the set of signals
{an}. A scattering equation can be written at each port, and
thus for an N element series fed array, there are 8N equations
that must be solved simultaneously.

The scattering matrix of the radiating element is

4= [dun diz| _ | b
da22 tr T |
For the phase shifter

do1
(pn)12] _ [ Tp tpej(n‘l)os}

= |Pr)u _
" (Pn)22 t:nej(n_l)as Tp

(Pn)a1

and the excitations are due to the incident plane wave, S, =
ed(n—1e_ Sarting with element one, the two scattering equa-
tions at the radiating devices are

1: a1y =S1di1 + aszdio (19)
2:  ag = S1ds1 + azdae (20)
and at the phase shifter ports
3: az =az(p1)nn + a:(p1)12 21
4:  ag =a2(p1)21 + as(p1)22- (22)
Four equations can be written at coupler one (C)
5. ag =agl'(C1)11 + ¥ag(Ci)i2 + asa(Ci)1s
+ a7T(Ch)14 (23)
6:  ag =agl'(C1)a1 + Yag(Ch)az + as(C1)23
+ a71"(01)24 24)
7: a5 =agl'(C1)a1 + Yag(C1)s2 + a4(C1)a3
+ a7I'(C1)as 25)
8 a7 =agl'(C1)a1 + Vag(C1)az + a4(C1)as
+ a7rI'(Ch)a4- (26)
For simplicity, it has been assumed that all loads are identical
(o =Ty = .- =Ty =T). Similarly, all inter-coupler line
lengths are equal (¥ = Uy = ... = Iy = T = ei¥o),

For elements two through N, a pattern repeats. At the
radiating element

8(n—1)+1:

8(n—1)+2:

@n
(28)

agn—6 = Snd11 + Ggn—_sd12
agn—5 = Snda1 + agn_adas

and the phase shifter

8(n—1)+3: agn—4 =08n—5(Pn)11 + G8n—2(Pn)12
(29)
agn—3 = agn—5(Pn)21 + Agn—2(Pn)22.

(30

8(n—1)+4:
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For couplers two through N — 1

8(n—1)+5: agn—7 =Yagn—s(Crn)11 + Yagn+1(Cr)12
+ agn-3(Cn)13 + agn—1T(Cr) 14
31
8(n—1)+6: agn = Vagn_g(Cn)a1 + Yagn+1(Cr )2z
+ a8n—3(Cr )23 + agn—1T(Ch )24
(32)
8(n—1)+7 agn2 =Yagn-8(Cn)s1 + Yagn+1(Cn)s2
+ agn-3(Cn)az + agn—1T(Cy )34
(33)
8(n—1)+8 asn—1 =Vagn-8(Crn)a1 + Vagn+1(Cn)az

+ agn-3(Cr)as + agn—11(Cy) 4.
(34)

Finally, coupler N must be treated separately because of the
extra load

8N —3: asgn-7 =Yagn-_s(Cn)11 + aenI'(Cn)12
+ asn-3(Cn)13 + asn—1T(Cn )14
(35)
8N —2: asy = Vagn_s(Cn)21 + asnI(Cn )22
+ asn-3(Cn)23 + agn-1T(Cn)og
(36)
8N —1: agn-2 =Vagn_s(Cn)s1 + asnT(Cn)s2
+ asn—3(Cn)33 + asn-1T(Cn )34
(37
8N: agn_1 =VYagn_s(Cn)a + asnT(Cn )42

+ agN—3(Cn)a3 + agn—1T(Cn ) aa.
(38)

The above 8N equations can be cast into matrix form
[S] = [Flla]

where the vector [S] contains the excitations {5, } and [a] the
unknowns {a,}. [F] is a feed scattering matrix obtained from
the coefficients of the above equations. The matrix equation
is solved to obtain {a,}, and the reflection coefficients T, in
(5) can be calculated from a1, a10,: -, 8n—6," ", a8N—g-

V. COMPUTATION AND RESULTS

Calculated results are presented for series fed arrays using
(5)~(7) and (18). For verification of the approximate method,
data are compared with the solution based on scattering
matrices. The aperture element is represented by a two-
port device with the reflection coefficient r, allowing direct
comparison between the approximate and scattering matrix
solutions. This provides a means of evaluating the validity of
the assumptions made in deriving the approximate equations.

The array center frequency and that of the illuminating radar
are assumed equal (wavelength ). The coupling coefficients
(cm) are those for uniform array excitation, the element spac-
ing is 0.4, and the elements are linearly polarized transverse

off @By
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Fig. 7. RCS of series fed array by the approximate method (6, = 0 degrees,
Yo = /4 rad).
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Fig. 8. RCS of series fed array by the approximate method (8, = 45 degrees,
Yo = 7w/4 rad).
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Fig. 9. RCS of series fed array by the approximate method (6s = 0 degrees,
o = 7/2 rad).

to the array axis with effective height £ = 0.5\. Several
array parameters are varied to study the behavior of RCS.
They include the scan angle (6,) and the line length between
couplers (vp). Figs. 7 and 8 show the difference between the
broadside and scanned RCS when 1)y = 7/4 rad. It is observed
that the highest spike at § = 0 degrees on both-graphs is due
to specular scattering from the radiating elements. The spikes
at about —20 degrees in Fig. 7 and at 20 degrees in Fig. § are
due to the reflection from the input load. The spike at —35
degrees in Fig. 8 is due to Bragg diffraction, and the one at 45
degrees is due to the effects of forward and backward waves
on the main line scattering retrodirectively. A comparison of
the scanned and broadside cases shows the reflections from
points behind the phase shifters move toward or away from
the specular beam along with the array’s radiation beam. The
corresponding cases for ¥y = w/2 rad are shown in Figs. 9
and 10.
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Fig. 10. RCS of series fed array by the approximate method (6, = 45
degrees, Yo = 7 /2 rad).
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Fig. 11. RCS of series fed array by the scattering matrix method (6s = 0
degrees, 1o = 7/4 rad).
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Fig. 12. RCS of series fed array by the scattering matrix method (65 = 45
degrees, Yo = 7/4 rad).

In general, the individual spikes can be attributed to specific
scattering sources in the antenna. The specular reflection
(due to r,) has its peak at § = O degrees. There is no
Bragg diffraction for this term because the element spacing
is sufficiently small. Reflections from the input of the phase
shifter have a similar behavior as can be seen from (7).
Reflected signals from the coupler inputs pass through the
phase shifter and therefore scan along with the radiation beam.
When the array is scanned, a second lobe originating from r,
appears in the visible region due to Bragg diffraction.

A large lobe also arises due to the reflection from the feed
input load. In this case, the array acts as a receive antenna that
collects the incident signal. A portion of the signal is reflected

30

20

o/® 4B)

-20

-30

-40
-80 -60 -40 -20 0 20 40 60 80

MONOSTATIC ANGLE. 8 (DEG)

Fig. 13. RCS of series fed array by the scattering matrix method (85 = 0
degrees, Yo = w/2 rad).
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Fig. 14. RCS of series fed array by the scattering matrix method (6, = 45
degrees, Yo = w/2 rad).

at the input terminal and appears just as if a transmit signal
has been injected into the antenna. Thus the scattering pattern
of this RCS component is the gain pattern squared. It can be
seen by comparing Figs. 8 and 10 that the lobe from the input
load reflection is determined by 1o as well as 8.

The RCS patterns obtained using the scattering matrix
method are shown in Figs. 11-14. They correspond to the
same cases shown in Figs. 7-10. This solution can be con-
sidered rigorous in the sense that all interactions and multiple
reflections are included. The agreement between the approxi-
mate and the rigorous solutions is excellent in all cases. The
approximate formulas correctly predict the locations of all
major RCS spikes and their levels to within a couple of dB.

VI. CONCLUSIONS

Approximate formulas for the inband RCS of an array
with a series feed have been derived. The formulas are based
on the hypothesis that an incident wave excites forward and
backward traveling waves on the main line. The approximate
formulas are in good agreement with resuits obtained using
scattering matrixes, thereby verifying the assumptions made
in the approximate solution.

Spikes in the RCS pattern have been identified with specific
scattering sources in the array. The parameters affecting the
level and location of the lobes have been noted. By properly
choosing parameters such as 7y and I'z, it is possible to
control the spikes to some extent. The RCS data shows,
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however, that there is no preferred value of vy that eliminates
the input load reflection, although its location can be controlled
somewhat by the choice of line length L. Total suppression of
the RCS can only be achieved by perfectly matching all of the
feed devices which is practically impossible.

The main advantage of the approximate method relative
to the scattering matrix method is its speed. The scattering
matrix method requires that a matrix equation be solved, and
its size increases with the number of array elements. A typical
approximate calculation (FORTRAN code for 50 elements and
0.5 degree increments) takes about two minutes on a Sparc
10, whereas the matrix solution runs about two hours. Also,
the approximate formulas are easily extended to an arbitrary
number of elements. Since both methods assume lossless feed
networks and identical reflection coefficients for all similar
devices, the actual value of the RCS lobes will be slightly
lower than computed here.
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